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Abstract. We have discovered multiple jet-like features in thextended point-symmetric bipolar reflection nebula with a pa
inner regions of the protoplanetary nebula (PPN) Frosty Leaf, peripheral ansae and bisected by a dense disk seen ec
in optical images obtained with the Hubble Space Telescope.(Morris & Reipurth 1990, Langill et al. 1994). Roddier et al
Frosty Leo is only the second PPN (after CRL2688) and tl{€995) found a binary star at the center of the nebula from ad
first oxygen-rich one, to show well-focussed jets close to thige optics imaging at 1.6bm. We report here optical imag-
equatorial plane. The nebula consists of two bright company with the Hubble Space Telescope (HST) of Frosty Le(
structures embedded inside two large tenuous bubbles, sepaealing complex new nebular structures which have impg
rated by a flaring, roughly edge-on disk. The relatively higtant implications for the shaping of planetary nebulae (PNe
surface brightnesses of two ansae and substructures in theljtw, sensitive millimeter-wave observations indicate a co
imply that the latter have carved out holes in the optically thigdex kinematic structure of the molecular gas. In our analys
central region of the nebula, allowing starlight to escape witf these data, we assume that the central star has3750K,
very little attenuation. Millimeter-wave CO line observationtuminosity L=250(D/kpc)’ L, and is located at a distanfe=3
with the IRAM 30m radiotelescope show the presence of sldypc (Robinson et al. 1992, Mauron et al. 1989).
(~10km s1) and fast £-50km s!) components in a molec-
ular outflow associated with the bright innet (10”) regions
of the nebula. The mechanical momentum in the fast outflowjs gpservations
about a factor 500 larger than that available from the stellar ra-
diation (/c) during the post-AGB life of the source, and mosthe Wide Field Camera (800x800 piXehith a plate scale
likely derives from the gravitational energy of a close binar§f 070996/pixel) was used to image Frosty Leo through t
central star. wide-band filter F606W (\)=593.5 nm,0A=149.7 nm) with-
out, and crossed with, the polarisation filter set POLQ. Sin¢

Key words: stars: AGB and post-AGB — stars: mass-loss — ISM€ image with no polariser has larger saturation in the brig

reflection nebulae — ISM: individual objects: central region, we have used a total intensity image comput
from images at 3 polariser orientations [see Sahai et al. 199
(SZBtL99)].
_ The mm-wave/ = 1 — 0 andJ = 2 — 1 lines of 12CO
1. Introduction and3CO were observed with the IRAM 30m radiotelescop

Frosty Leo (IRAS09371+1212) is a well-known bipolar nepPico de Veleta, Spain) during August and November 199
ula around a star believed to be in the short transition pha&dng SIS receivers tuned in SSB mode, with typical syste
between the AGB and planetary nebula evolutionary phaselemperatures of- 1000 K, atA = 1.3 mm, and 500 K, ak

i.e. it is a protoplanetary nebula (PPN). Forveille et al. (1p87)2-6 mm (in units of T, see below). Weather conditions
first identified it as an evolved object with substantial CO lin&€re good, with zenith opacities at 230 GHz in the range 0.
emission showing the presence of a dense expanding mof€: Telescope pointing was verified frequently by observi
ular envelope, and suggested the presence of water ice irtRBtinuum sources close to our target. The spatial resolutio
dust grains, confirmed later by e[g. Rouan et al. (1988). OpiRout 12-13at1.3mmand about 2t 2.6 mm. The mm-wave

cal and near-IR imaging of Frosty Leo revealed a remarkalSigectra presented here are calibrated in units of the main be
Rayleigh-Jeans-equivalent antenna temperatykg, dsing the

Send offprint requests t®aghvendra Sahai chopper-wheel calibration method.
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Fig. 1. Optical (0.6:m) image (reverse grey-scale image, log stretch). ) . . . -
of the Frosty Leo nebula computed from 3 WFPC2/HST images tal?%I - 2.Afalse-color image generated by processing the image in Fig. 1

- ) : order to emphasize sharp structures. The processed ithage—
through the wide-band F606W/POLQ filter/polariser. Inset shows ex- . T
panded view of the nebular center. Dashed lines indicate artifacts Jmo/(lmo +0.041ms), wherelmo is the original image, antim.s

u . . . .
{0 the telescope optics i5'Gbtained by smoothinfimo. Inset shows expanded view of jets J1

and J3

3. Results
attached to the inner edge of blog Bnset, Fig. 1). The binary
found by Roddier et al. (1995) at the center of the nebula has
The F606W image of Frosty Leo (Figs. 1 & 2) shows the pre-separation of/(8, and would therefore not be well resolved
viously known, extended bipolar nebula in scattered light. Twin our 0’0996 resolution HST images. However, the identical
large lobes (ly and Lg) of radial extent 135 separated by a spectral type of both binary members is cause for concern that
relatively dark waist can be seen. The lobes are significantige of these may be due to light scattered off a dust condensation
limb-brightened, indicating that they aoptically-thinbubble- or an artifact of the adaptive optics technique.
like structures with relatively dense walls and a tenuous interior. Three radial jet-like structures, J1,J2, and J3, emanate from
The bright ansae, 4 and Ag, seen at the tips of these lobeshlob Bs. The brightest of these, J1, shows three substructures
appear knotty, and their shapes follow the curvature of the pea very bright tip, and two bright limb-brightened lobes. J2 is
riphery of the lobes. & has a higher surface brightness than Lsimilar in overall shape and size to J1, but its substructure is
by a factor which decreases from about 4 at a radial offset of Bss well defined. J3 consists of a chain of knots lying on the
to 1.5 at the tips (i.e. in the ansae). periphery of an elongated structure, roughly similar in size to
The complex inner region of Frosty Leo has several distind1 and J2, but with a less sharply tapered shape. Faint counter-
tive geometrical features. Two bright blobs(R B g, saturated parts to J1 and J2 are marginally visible on the northern side
in image), lie north and south of a narrow waist withla- of the nebula (labelled J1', J2’); their faintness is probably due
ing disk-like structure, although it departs significantly from & their location on the far-side of the nebula resulting in sig-
smooth, symmetrical geometry — e.g. the W side of the waisificant attenuation by intervening nebular dust. The collimated
is significantly narrower than the E side. A bright point-likestructures J1, J2, J3, J1’ and J2’ probably signify the presence
source, S, presumably the central star, is located in the waisbBbw-latitude jets. The substructures in J1 and J3 seem to show
the center of the nebula, and additional compact knots appaaequence of shock fronts, that are most likely due to temporal

3.1. Optical morphology
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variations in the momentum flux of these jets. Two protrusions " .
(wg and wy) appear at the periphery of the waist, and additional -
faint lobes (yw andlg) extend to the NW and E. g
The bipolar nebula is surrounded by a faint, roughly rourfd -
halo (Langill et al. 1994). Averaging the radial intensity over, g
large (20-35°) angular wedges with their apex at the centey, ;’”‘ e
we can trace the halo out tezR3”, where it becomes limited 5 F
by background sky noise. The halo intensity, S, is well-fit by a
power-law (Sx r~¢), with o ~3.9-4.1, significantly different , g
from the value (3) expected for scattered light in a sphericarji
envelope characterised by (i) a constant expansion velocity and——— G L
- . . . o —100 -50 0 50 —-100 -50 0 50
(ii) a constant mass-loss rat¥,. Therefore, either (i) and/or (ii) Vi (km/s)
above are not true (e.g. due to an increaséfirover the last
30,000 yrs), or the halo density distribution has been modifi€tg- 3. CO lines observed in Frosty Leo
by strong shock interactions.
The ansae have peak intensitifgs;;m=0.27 (Av) & 0.18 expansion velocity of the lobes ig,;s ~190km s!, where
(As) mJy arcsec?, comparable to thenaximumpossible in- ¢, ., = v /sin6;, andv ~50km s
tensity of scattered light at an offset13’1 from the central The intensity ratio'>CO/'2CO for both transitions shows
star [given bySuax=Fo.6um/(4m$*)=0.32 mJy arcse@, where  that the'*CO transitions are optically thin (optical depti.5),
Fo.6pm=0.69 mJyisthe stellar flux density at @18]. Similarly, assuming a similar rotational excitation temperaturg,)Tor
the two bright knots near the tip of jet J1 have peak intensitigsth species. The mass, momentum and energy of the mat
of 0.8 & 1.5 mJy arcsec®, which are only a factor 1.4-1.8 emitting in each velocity channel can then be obtained fro
less than the theoretical maximum. Since the central region (fige '3CO line profiles, taking into account that the source i
dius< 4”) is quite optically thick even at Am (Robinson et unresolved (Bujarrabal etal. 1997, 2000),, is given for every
al. 1992), we conclude that the jets which have produced thequency by
ansae and J1, have carved out holes in this region, allowing the
starlight to escape with very little attenuation. Line-emissiof,, Qump, = (J(Tex) — J (The)) / k,dl A/D?,
from e.g. shocked gas, is not likely to be responsible for the ex-
cess brightness because (i) Morris & Reipurth (1990) found pghere,,;, is the main-beam solid anglg(T) = ehhﬂi/f_l
line-emission from the ansae, and (ii) we compute similar e); is the absorption coefficient] is the length increment along
cesses in the brightness of the ansae in the V and |-band imagesiine of sight, andd and D are, respectively, the projected

obtained by Langill et al. (1994). area of, and distance to, the source. This equation implies t
Twp x M, whereM,, is the mass moving at velocityin the
3.2. Millimeter-wave emission line of sight. The total mass of a kinematic component com

from integratingM,, over the appropriate velocity range.
The observed CO spectra, with linear baselines subtracted areror the spherical component expanding with constant
shown in Fig 3. The resolution is 2.7 (1.5) knT$ for the 3 (~10km s'), we get the “momentum’P, = M, vy, and
(1) mm lines. Small maps of the C@® = 2 — 1 emission the energyE, = M. ngp/gl where M, o [ Ty, dv and
show that its angular extent is only marginally larger than thge integral extends over the central spectral component’s
12-13' telescope beam, and we estimate that the full size at hglity range. For the fast component, each mass elet&nt
maximum of the intrinsic COJ = 2 — 1 brightness distribu- js assumed to be in axial expansion with;s (x v); hence
tion is smaller than 1Q probably~ 5. The CO spectra show p, o T\ v, and By x Toup, v2.. /2, for every channel in
a narrow central component centered al¥=—11kms™, the line wings (i.e. for every parcel of gas at high velocity
with a width of ~20km s™'. We assume that this strong feaThe scalar addition of all these momenta and energies gives
ture comes from a compact, spherical component, expandiggh| scalar momentumP,.;, and the energyfz, of the fast
at~10km s!, although it may have a flattened disk-like gegytfiow.

ometry, as found in other PPNe from direct observations (€.9. |n our calculations we have used tH&€0 J=1-0 data, since
Bujarrabal etal1998, &inchez Contreras eta997). This com- for this line the optical depth is lowest aiitl,, is the largest

ponent probably represents the remnant of the AGB envelqe@suring that the source is unresolved). We have assum
that has not been significantly accelerated by interaction withco/H, abundance ratio of x 10~5 (Bujarrabal et al. 1997,
a fast post-AGB wind. We find intense wings at both sides @hnchez Contreras et al. 1997) and a distance of 3kpc (
this spectral component; comparison with other PPNe leadsgd§. The excitation temperaturg,, is taken to be 10 K similar
to believe that the wing emission probably arises from materig| that found in well studied PPNe, and consistent with t
in the nebular lobes expanding parallel to the long axis of thgensity ratio of the optically-thikCO transitions. In addition,
nebula. ASSUming an inclination of the nebular axis to the Shwve reasonab]y assume that ﬂ'?é:o lines are 0pt|ca||y thick
plane,d;=15"(Roddier et al. 1995), the maximum deprojectegh the peak of the profile and that the source size”istBen




o
LUl
—
-
L
-l

L12 R. Sahai et al.: Multiple collimated outflows in the protoplanetary nebula Frosty Leo

the peakT,,, implies T, ~11K. We have also carried out(4-15km s ') observed bly Dougados et al. (1992). We find that
our computations usinf@,, ~15K. In order to evaluate the Frosty Leo has the largest ratio of the mechanical momentum in
uncertainty due to the poorly known geometry of the molecultre fast outflow P;,) to the radiative momentuni( ¢) amongst
outflow, we have also estimatdd,; and E.,, assuming that PPNe (scalingP,.. for all objects to the sam&CO/H, ratio)

the high velocity emission comes from a spherical shell orvéhich, as a class, show large ratios (Bujarrabal et al. 2000).
disk perpendicular to the nebular axis of the nebula. The resulialy one other PPN, OH231.8+4.2, shows a momentum excess
from all these calculations depend only slightly on the assumegimparable to that of Frosty Leo. Since the CO emission comes
geometry and excitation. The mass of the low- and high-velocftpm the inner £10”) region of the nebula in Frosty Leo, this
components are respectively 0.15 and Q\25, the momenta of very energetic outflow seems to be associated with low-latitude
the fast outflow ranges between 2 anél x 103° gcms™!, and material in the vicinity of the jets seen in the HST image. The
the kinetic energy ranges betwe®h x 10*° and2 x 10%6 erg  very high mechanical momentum excess in this PPN indicates
(for details see Bujarrabal et.&000). We can compare thesdhat the jets that disrupted the AGB shell, yielding the com-
results with the energy and momentum that the stellar luminosjtiex actual shape of the nebula, were not powered by radiation
can contribute per yi, = 3 x 10* ergyr-!, L/c =9 x 103* pressure. The source of this excess is probably associated with
gcms tyr—!. The time taken by Frosty Leo to evolve from thévinarity, and may derive from the gravitational energy of mate-
AGB stage to its current state must kd 000 yr, since 1000 rial accreted by a compact companion. However, the separation
yr is the ratio between the radius of ansae and the maximuwifithe binaryapparentlyseen in Frosty Leo (190 AU, for a min-
velocity (190 km s1), and the ratio between the radius of thémum distance of 1 kpc) is much too large for the formation of
CO emitting region and this velocity is even smaller. Moreovesin accretion disk which could drive a collimated outflow.

the wind interaction time is thought to be still much smaller.
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